Preliminary work showed that these properties were reflected by the membrane potential (13) . The present study shows that catecholamines, hypoxia, and cooling produce a rapid depolarization in brown adipose cells, and that the membrane potential in cold-adapted rats is diminished. On the basis of these results it is suggested that changes in the ionic permeability of the plasma membrane and in the rate of active Na-K transport might be contributing factors in the regulation of heat production in brown adipose tissue.
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FIGURE I. Diagram (not to scale) showing cross-sections of organ bath and gas exchanger (G.E.). Two systems were used in parallel and connected to the same thermoregulating reservoir. Peristaltic pump (P); microelectrode (M.E.); tissue (T), mounted
on cork (C). The gas mixture was humidified in the thermoregulated bath (T.B.) before passing into the gas exchanger.
METHODS
Male Wistar rats weighing from 115 to 280 g were used in this study. They were kept at 23°C and had free access to Altromin laboratory chow (Kunath Co., Aarau, Switzerland). A separate series of experiments was performed with rats which had been kept at 8°C for 3wk. The animals were killed by decapitation and the interscapular fat pad rapidly excised, washed in the medium used for incubation, and transferred to the organ bath. Usually two segments weighing around 40 mg were obtained from each side of the midline. Surrounding connective tissue and white adipose tissue were carefully removed using iridectomy scissors. The pads were stretched lightly and fixed with stainless steel needles on cork embedded in paraffin. Recordings of membrane potentials could be started less than 5 rain after the sacrifice of the animal. Unless stated otherwise, Krebs-Ringer bicarbonate buffer (14) of the following composition in raM: Na + 143.4; K + 5.9; CI-128.2; Ca ++ 2.5; Mg ++ 1.2; H~PO4-1.2; HCOa-24.9; SO4 --1.2 and containing 1% human serum albumin and 5 mM glucose was used as the basic incubation medium.
The Organ Bath
The tissue segments (control and experimental) were mounted in two chambers (volume, 7 ml) surrounded by a water jacket for thermoregulation (Fig. 1) . In most experiments the temperature was maintained at 29.0°C 4-0.1 °C. The buffer (total volume, 15 ml) was continuously recirculated by a peristaltic pump with an output of 2 ml per min. Before reaching the chambers, the fluid passed through thermoregulated exchangers which were flushed with a humidified mixture of 95 % 02 and 5 % CO 2. The same gas mixture was led over the open surface of buffer in the chambers. With this arrangement the pH in the organ bath could be maintained at 7.4 and Po~ at 600 mm Hg (measured with a Beckman oxymeter, Catalogue No. 96260). In some experiments the oxygen tension was lowered using a gas mixture containing 20 % 03, 5 % COs, and 75 % N2.
The electrode impalements of individual cells were made under visual control using a micromanipulator and a dissecting microscope. To help track the tip of the electrode fluorescein (1 g/liter) was added to the solution used for filling.
Electrical Recording
The microelectrodes were filled with 3 M KC1 solution that had been passed through a porcelain filter (pore diameter 1.4 #). The resistance of the electrode ranged between 8 and 15 rnegohms and the tip potential did not exceed --10 my.
The reference electrodes were either calomel half-cells or silver silver-chloride wires. The first stage of amplification was composed of a FET (PF1 probe amplifier, Bioelectric Instruments, Inc., New York) with an input resistance of 1012 ohms and an input leakage current below 10 -~ amp. The measurements of input resistance in brown fat cells described below show that these characteristics were sufficient for the present purpose.
The amplifying circuit included a PC source used to balance the input voltage to zero when the recording electrode was in the bath. A decade calibrator was used to measure the membrane potential by balancing it out to the nearest miUivolt.
Criteria of Electrode Selection
In a separate series of experiments, a Wheatstone bridge circuit was used to balance out the electrode resistance and to monitor continuously the increase in De source resistance during about 100 impalements.
The following was observed: When the electrode made contact with the cell, a rather slow increase in positive deflection (with the bath as reference) was recorded. Simultaneously, the De input resistance rose to several hundred megohms. This positive deflection was followed by an abrupt negativity accompanied by a decrease in effective resistance down to 1-2 megohms, presumably as a reflection of penetration into the cytoplasm. During the next 5-30 see the following changes could occur: (a) The potential spontaneously stabilized at a level of a few millivolts more negative than the initial rapid deflection. Simultaneously, the resistance increased by a few hundred kiloohms. Both phenomena were attributed to a resealing of the plasma membrane. (b) More frequently, the potential attained a value which was less negative than the initial deflection, and the resistance increased by several megohms. In these cases the position of the electrode was changed slightly. This maneuver almost regularly produced an increase in the inside-negative potential to values equal to or slightly higher than the initial rapid deflection and at the same time the effective resistance returned to a value of 1-2 megohms.
On the basis of these observations the following criteria were applied: values were only recorded if the deflection after stabilization remained constant during several sweeps of the beam across the oscilloscope (5 see a sweep). It is important to note that in these cases, slight movements of the electrode produced no further change in potential, and that the resistance had attained a minimum value. If such stabilization could not be obtained, the value was rejected and the electrode discarded.
It was noted that the stable negative potential was smaller with electrodes giving high positive deflections (5-30 my) upon contact with the cell. The amplitude of the positive deflection was a function of the electrode resistance and became reduced to very low values when the very tip of the electrode was broken by slight rubbing on the surface of the tissue. In many cases, after such treatment, the electrode gave higher negative steady potentials and could be used according to the criteria given above. It is thought that the positive deflection gives an indirect measure of the tip potential. When the positive deflection was higher than 5 mv, the electrode was discarded.
Potassium E~ux Measurements
Segments of brown adipose tissue were loaded with ~K by incubation for 60 rain at 29°C in Krebs-Ringer bicarbonate buffer to which trace amounts of the isotope had been added. In order to avoid direct handling, the tissue was attached to surgical silk and quickly transferred to incubation flasks containing 2 ml of unlabeled buffer. The washout of 42K was followed by carefully transferring the tissue to new flasks every 10 rain. The buffer was equilibrated throughout with a mixture of 95 % O~ and 5 % CO2, and incubation took place in a Compenstat Gallenkamp (Brit. patent 882942) metabolic agitator moving 80 cpm. At the end of efflux measurements, the 40-K activity released into each incubation flask was determined using a TriCarb liquid scintillation spectrometer No. 3002 (15) . The radioactivity released in each 10 rain efflux period was expressed as a fraction of calculated total tissue radioactivity during the same interval (16) .
Chemicals, Hormones, and Isotopes
All chemical were of analytical grade. Theophylline and ouabain were products of E. Merck (Darmstadt, West Germany). Epinephrine and norepinephrine were obtained from Fluka, Buchs (Switzerland); reserpine from Ciba, Ltd. (Basel, Switzerland) and 3 t,5'-cyclie AMP froul Schwarz Bio Research, Inc. (Orangeburg, N. Y.). Human serum albumin was purchased from the Swiss Red Cross (Bern, Switzerland) and used after dialysis against distilled water for 24 hr. 4~KC1 (produced by irradiation of K2CO3 and subsequent neutralization with HC1) was obtained from the Isotope Division, Research Establishmenl Rise (Roskilde, Denmark). The specific activity was 100 mc/g K.
R E S U L T S
T h e potentials given in the following all represent recordings of values which were negative with respect to the bath.
Observations under Standard Conditions
Immediately after isolation of the brown fat pad, values around 30 mv were obtained. During the first 40 min of incubation there was a gradual rise after which the potential remained constant at around 51 mv for a period of up to 5 hr at a temperature of 29°C (Fig. 2) . Fig. 3 shows the distribution of potentials recorded after the steady state had been attained. It appears that there is a close correspondence between the observed and the calculated Gaussian distribution. By the probit test it was confirmed that the potentials were normally distributed. There was relatively little interindividual variation, even between animals of different age. There was no significant correlation between weight of the animals (in the range from 115 to 280 g) and the steady-state membrane potential. The effective resistance was measured after stabilization of the potential. A mean value of 1.35 4-0.45 megohm (SD) was found (N = 36).
Influence of Potassium Concentration and Ouabain
Each preparation was first incubated for 40 min in the standard Krebs-Ringer bicarbonate buffer. Then the K concentration was changed by replacing varying volumes of the circulating buffer with a medium in which K had been isoosmotically substituted for Na. (K)o was lowered by replacing in a similar way with a buffer in which all K had been replaced by Na. The means of values recorded after a 10 rain equilibration period were used, and the potas- slum concentration was checked by flame photometry, using an Eppendorf flame photometer. When (K)o was lowered, the membrane potential decreased. Other experimenu, in which the potential was followed during prolonged incubation in K-free medium, showed that this depolarization progressed with time. U p o n reestablishment of the normal (K)o, the membrane potential rapidly returned to the control level. The depolarization was thought to be the result of inhibition of the N a -K pump. of this active transport process in other tissues, also produced a gradual depolarization. This effect could be demonstrated with ouabain in concentrations from 10 -e to 10 -3 M. It should be noted that the depolarization was not complete; as seen in Fig. 5 , a plateau was attained 2 hr after the addition of ouabain.
Effect of Epinephrine and Norepinephrine
The effect of epinephrine on the membrane potential is described in Figs. 6 and 7. When added in high concentrations (10-7-5.10 -6 g / M ) , a prompt and sustained depolarization was observed. This could be detected within the first minutes of exposure to the hormone (Fig. 6) . Fig. 7 illustrates that concentrations down to 10 -8 g/ml also reduced the membrane potential although the effect was less abrupt and spontaneously reversible. Epinephrine (10 -8 g/ml) could be added repeatedly to the same preparation and complete recovery of the potential achieved in the intervals. Norepinephrine produced closely similar effects. As the catecholamines are labile substances, it seems likely that known to inhibit the phosphodiesterase involved in the degradation of 3',5L cyclic-AMP, did not produce any change in the potential, either when added alone (2 rnM) or together with 3', 5'-cyclic-AMP. The brown adipose tissue is known to contain appreciable amounts of norepinephrine located in nerve endings, and it has been demonstrated that upon the administration of reserpine, this store is virtually depleted (17) . In order to assess the role of this endogenous source of catecholamine, experiments were performed using animals pretreated with reserpine (5 mg/kg intraperitoneally 18 and 6 hr before the experiment). Tissue obtained from these rats showed the same steady-state potential as controls; however, this level was attained immediately after isolation of the tissue. It seems likely that a liberation of norepinephrine occurring during the preparation could have caused the initial depolarization observed in controls (see Fig. 2 ).
mM h a d n o d e t e c t a b l e effect o n t h e m e m b r a n e p o t e n t i a l in t h e s t e a d y state. T h u s , 3 ' , 5 ' -c y c l i c -A M P is either n o t a m e d i a t o r of t h e d e p o l a r i z i n g effect of e p i n e p h r i n e , or it does n o t r e a c h the r e c e p t o r sites w h e n a p p l i e d externally. T h e o

Effect of Adaptation to Cold
After 3 wk at an environmental temperature of 8°C, the interscapular brown fat pads were considerably enlarged. Segments of 40 mg, when incubated under the standard conditions, yielded a membrane potential of 29 -4-4 my (SD) (mean of 34 values recorded in the interval from 40 to 100 min after sacrifice of the animals). The experiment described in Fig. 8 shows that after 2~ hr of equilibration there was a slight increase. In other experiments values around 30 my were maintained for more than 4 hr.
Influence of the Temperature in the Organ Bath
Lowering the temperature was consistently found to produce depolarization, which was nearly completely reversible. This effect is described in Fig. 9 , which shows the change in membrane potential observed within the same THE JOURNAL OF GENERAL PHYSIOLOGY " VOLUME 59
experimental period in segments of brown adipose tissue from two different animals. In other experiments it could be demonstrated that provided the cooling occurred rapidly enough, the rate of depolarization was comparable to that observed upon lowering of Po~.
Influence of Oxygen Tension
Under standard conditions the Po2 of the incubation medium in the chamber was 600 mm Hg. When the gas mixture used for equilibration was replaced by a mixture containing 20% 0 2 , 5 % CO 2 , and 75% N~, the Po2 of the buffer dropped to a value of 120 m m in 10 min. The accompanying changes in membrane potential were followed in two ways. FmUR~, 9. Effect of cooling on membrane potential. Segments of brown adipose tissue from two rats were equilibrated simultaneously at 29°C in two separate chambers. At the arrows the temperature of the thermo-regulated organ bath was changed to the indicated values. Fig. 10 describes the evolution of the potential when the electrode was allowed to stay in the same cell while the Po, was changed. This direct monitoring demonstrated the rapid and reversible response to hypoxia. Fig. 11 illustrates that the entire population of cells is influenced nearly simultaneously and to about the same extent.
The above results indicate that the membrane potential is dependent on energy production. The effect of exogenous substrates was therefore assessed. When tissue segments were equilibrated in Krebs-Ringer bicarbonate buffer, from which glucose had been omitted, the membrane potential could be maintained at a level identical to that of the control for up to 3 hr. In the absence of glucose the addition of pyruvate (1 rnM) or a-glycerophosphate (10 mM), which are both known to increase the oxygen consumption considerably (18) , produced no change in membrane potential. It is likely that sufficient endogenous sources of energy are present to maintain the membrane potential. Floum~ t0. Effect of Os availability on membrane potential. The preparation was equilibrated for 40 min in Krebs-Ringer bicarbonate buffer in contact with a gas mixture containing 95% Os and 5% COs. The Po2 in the buffer was measured to 600 m m Hg. At the vertical arrows the gas mixture was exchanged for one containing 20% O~, 5% COs, and 75% N2. After the initial individual recordings indicated by the open circles, the electrode was left as long as possible (indicated by the horizontal arrows) in the same cell, and the membrane potential noted every minute (filled circles). The change in membrane potential in five cells is represented.
42K Washout Studies
In order to test whether ion shifts were produced by the membrane depolarization elicited by epinephrine and low oxygen tension, the rate of 42K washout from preloaded tissue was estimated. The membrane potential was measured at the end of the 60 min loading period. A mean value of 52 ± 3 mv (SD) was found, which indicates that during incubation in the metabolic agitator the membrane potential could be maintained at the same level as in the organ Fmum~ 11. Effect of 02 availability on membrane potential. Experimental procedure as in Fig. 10 . Open circles represent individual recordings, fiUed circles indicate values obtained when the electrode was allowed to stay in the same ceil.
bath. Fig. 12 illustrates the change in fractional loss of 42K activity from the tissue during incubation in unlabeled buffer. The initial high rates of loss presumably represent the washout of 4'K from the extracellular space. After 60 rain the curve approaches a horizontal course. From the subsequent part of the efllux curve, an apparent rate constant of 0.68 q-0.06 hr -1 (SD) (N = 8) was calculated. It appears that both the addition of epinephrine and the lowering of Pos produced a rapid increase in the rate of 42K efflux. After loading with ~K the washout of radioactivity into nonlabeled buffer was followed. Each of the points was obtained by measuring the amount of radioactivity released in I0 rain periods. For details, see text. From the arrows the ¢~K release took place in vials which were either gassed with a mixture of 20% O~, 5% COs, and 75% N~; or to which epinephrine had been added so as to give the indicated concentrations.
D I S C U S S I O N
It has been demonstrated that brown adipose tissue after its isolation and equilibration can maintain a stable membrane potential for several hours. Under standard conditions, mean values between 50 and 55 mv were consistently found, and the statistical distribution of 718 potentials recorded in 50 experiments (Fig. 3) indicates that we are dealing with a single and relatively homogeneous population of cells. The membrane resistance as estimated by measuring the input resistance was relatively low. By phase contrast microscopy a mean cell diameter of 40 # was measured, and on this basis a membrane resistance of 75 o h m . c m 2 was calculated. However, the recent demonstration of electrotonic spread via tight junctions between groups of cells in brown adipose tissue from mice implies that the real functional surface might be larger and the membrane resistance correspondingly higher (7) .
The response of the membrane potential to increase in (K)o is similar to the pattern described in many other cells (19) . However, equilibration in media with low potassium concentration led to a depolarization. This might be a reflection of decreased active Na-K transport and ensuing loss of potassium from the cytoplasm (22). The depolarization in K-free buffer was progressive with time, and blocking of the active Na-K transport with ouabain was accompanied by a similar gradual depolarization. These phenomena point to the fact that the permeability of the cell membrane to Na and K is relatively high under the standard conditions, a conclusion also supported by the measurements of 42K washout, which was found to proceed with an apparent rate constant of 0.68 hr -I. In extensor digitorum muscle from rat a value of 0.18 hr -1 has been reported (20) .
The permeability ratio (pNa/pK) was calculated by the Goldman equation (26, 27) :
where pN~ and pK are permeability constants for Na and K, and R, T, and F have their usual significance. Using the extrapolated value for (K)~ from Fig. 4 (135 mu), and assuming an intracellular sodium concentration of 15 inM, the calculatect ~-was 0.04, which is a permeability ratio about four times higher than the one calculated in most nerves and muscles.
Upon addition of epinephrine or norepinephrine (5.10 -6 g/rnl) an abrupt depolarization was consistently found. As the membrane potential had dropped to half the control value within 5 rain, it seems unlikely that a decrease in total intracellular potassium could have occurred rapidly enough to produce such a pronounced change. An alternative explanation would be that a large increase in the relative permeability to Na had occurred. Introducing into the Goldman equation the values for the membrane potential observed shortly after the addition of epinephrine (5.10 -6 g/M), and assuming no imP~r, mediate change in ionic gradients, the ~-K attains a value of 0.33; i.e., an 8-fold increase above control. Using the constant-field approximation (26) to obtain the ion flux ratio, it can be calculated that the increase in the rate of 42K release could be fully accounted for by the observed decrease in membrane potential.
The depolarizing effect of hypoxia and cold indicates that the membrane potential in brown adipose tissue is maintained by energy-requiring processes, although the rapidity of the effects suggests that the passive permeability to Na and K might also have been changed. As this tissue has been shown to have a large oxygen demand, it seems reasonable to expect that an increase in Qo~ will be accompanied by relative anoxia. The catecholamines are potent stimulators of 02 consumption in brown adipose tissue, and the depolarizing effect of epinephrine and norepinephrine might very well be explained as secondary to insufficient oxygenation. However, the addition of pyruvate or a-glycerophosphate, which have been shown to stimulate the 02 consumption in brown adipose tissue to about the same extent as norepinephrine (18), did not produce any depolarization.
Metabolic studies have led to the conclusion that substrate levels are less important than the level of phosphate acceptors in regulating the oxygen consumption in brown adipose tissue (21) . In the presence of catecholamines the reesterification of increased amounts of free fatty acids represents a source of phosphate acceptors. However, recent works indicate that this is quantitatively insufficient to account for the increase in respiration produced by norepinephrine (18, 21) . It might be of more significance that the increased level of free fatty acids could uncouple the mitochondrial oxidative phosphorylation and augment both 02 consumption and heat production.
The present results suggest an alternative source of phosphate acceptors which might contribute to the stimulation of respiration seen in the presence of catecholamines. If epinephrine induces an increase in passive Na influx in brown adipose tissue, the Na-K-ATPase (22) involved in extruding Na from the cytoplasm would be activated and consequently more ADP liberated. In brown adipose tissue this source of phosphate acceptor has not been evaluated. However, in several other tissues it has been demonstrated that a significant part of basal energy production is utilized for the active transport of Na and K (23-25). The lability of the membrane potential in brown adipose tissue indicates that changes in the permeability of the plasma membrane to Na and K might easily be elicited. Such changes might be among the primary signals activating thermogenic metabolism.
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